Hole spin relaxation in p-type (111) GaAs quantum wells is investigated in the case with only the lowest hole subband, which is heavy-hole like in (111) GaAs/AlAs and light-hole like in (111) GaAs/InP quantum wells, being relevant. The subband Löwdin perturbation method is applied to obtain the effective Hamiltonian including the Dresselhaus and Rashba spin-orbit couplings. Under a proper gate voltage, the total in-plane effective magnetic field in (111) GaAs/AlAs quantum wells can be strongly suppressed in the whole momentum space, while the one in (111) GaAs/InP quantum wells can be suppressed only on a special momentum circle. The hole spin relaxation due to the D'yakonov-Perel' and Elliott-Yafet mechanisms is calculated by means of the fully microscopic kinetic spin Bloch equation approach with all the relevant scatterings explicitly included. For (111) GaAs/AlAs quantum wells, extremely long heavy-hole spin relaxation time (upto hundreds of nanoseconds) is predicted. In addition, we predict a pronounced peak in the gate-voltage dependence of the heavy-hole spin relaxation time due to the D'yakonov-Perel' mechanism. This peak origins from the suppression of the unique inhomogeneous broadening in (111) GaAs/AlAs quantum wells. Moreover, the Elliott-Yafet mechanism influences the spin relaxation only around the peak area due to the small spin mixing between the heavy and light holes in quantum wells with small well width. We also show the anisotropy of the spin relaxation. In (111) GaAs/InP quantum wells, a mild peak, similar to the case for electrons in (111) GaAs quantum wells, is also predicted in the gate-voltage dependence of the light-hole spin relaxation time. The contribution of the Elliott-Yafet mechanism is always negligible in this case.
I. INTRODUCTION
Spin dynamics in semiconductor quantum wells (QWs) has been intensively investigated in recent years due to the fast development of semiconductor spintronics. [1] [2] [3] [4] [5] [6] [7] In III-V zinc-blende QW systems, spin relaxation is mainly determined by the D'yakonov-Perel' (DP) mechanism, 8 which results from the momentum scattering together with the momentum-dependent effective magnetic field induced by the Dresselhaus 9 and/or Rashba 10 spinorbit couplings (SOCs).
So far, most studies focus on the (001) 11-28 and (110) QWs. [29] [30] [31] [32] [33] [34] [35] In these works, many efforts have been devoted to obtain a long spin relaxation time (SRT).
11, 14, 15, [18] [19] [20] [21] [22] [24] [25] [26] [27] 29, 33, 34 In (001) QWs, when the strengths of the Dresselhaus and Rashba terms are comparable, electron spin relaxation along the [110] or [110] direction can be strongly suppressed.
11, 14, 15, [18] [19] [20] [21] [22] [24] [25] [26] [27] For (110) symmetric QWs, the effective magnetic field due to the Dresselhaus term is oriented along the growth direction, which leads to an absent DP relaxation for electron spins along this direction. 29, 33, 34 Recently, some attention has been devoted to (111) QWs where electron spin relaxation also shows rich properties. [36] [37] [38] [39] [40] Cartoixà et al. 36 pointed out that to the first order in the momentum, the effective magnetic field from both the Dresselhaus and Rashba terms Ω 1 = (α D +α R )(k y , −k x , 0) (with z [111], x [112] and y [110]), can be suppressed to zero by setting the Rashba coefficient α R to cancel with the Dresselhaus coefficient α D and hence the DP spin relaxation becomes absent for all three spin components. However, this strict cancellation can not occur due to the existence of the cubic Dresselhaus term
. Sun et al. 38 showed that with this cubic term included, the cancellation occurs only for the in-plane effective magnetic field on a special momentum circle, which may lead to a peak in the density or temperature dependence of the SRT. Experimentally, Balocchi et al. 40 measured the gate-voltage dependence of the SRT and a two-order of magnitude increase of the SRT can be observed, reaching values larger than 30 ns by applying an external electric field of 50 kV/cm along the growth direction of the QW. However, to the best of our knowledge, there are still no reports on hole spin relaxation in (111) zinc-blende QWs.
In the present work, we investigate the hole spin relaxation in p-type (111) GaAs QWs with only the lowest subband being relevant. In GaAs/AlAs QWs, the lowest hole subband is heavy-hole (HH) like. The Dresselhaus and Rashba SOC terms of the lowest HH subband Ω h D(R)
can be written as
respectively, which are obtained by the subband Löwdin partitioning method. 41, 42 The coefficients are given in Appendix A. Here, E z is the electric field along the growth direction. It is noted that the Rashba term Ω respectively. One finds that similar to the case of electrons in (111) QWs, 38 the in-plane components of these two terms can be suppressed to zero only on a special momentum circle. The out-of-plane component can also be suppressed to zero under an unrealistic gate voltage.
We calculate the hole spin relaxation by the kinetic spin Bloch equation (KSBE) approach, 5, 12 with all the relevant scatterings explicitly included. As the ElliottYafet 44 (EY) mechanism is the leading spin relaxation mechanism in hole spin relaxation in bulk, 45 we calculate the SRT due to both the DP and EY mechanisms in the present work. For (111) GaAs/AlAs QWs, we find that the EY mechanism is negligible unless the DP mechanism can be greatly suppressed. By tuning the gate voltage, we predict a pronounced peak in the SRT where the SRT can be extremely long (upto hundreds of nanoseconds). This property is favorable for spin manipulation, storage and device design. This peak results from the suppression of the unique inhomogeneous broadening 43 in (111) QWs. The effects of hole density, temperature and impurity density on the suppression of the spin relaxation are investigated. We also analyze the anisotropy of the spin relaxation. For (111) GaAs/InP QWs, a peak is also predicted in the gate-voltage dependence of the SRT. However, the peak becomes less pronounced compared with the case in (111) GaAs/AlAs QWs. The contribution of the EY mechanism is demonstrated to be negligible to the predicted properties. This paper is organized as follows. In Sec. II, the effective Hamiltonian of the lowest hole subband in (111) GaAs/AlAs and GaAs/InP QWs is derived. The KSBEs are also constructed in this section. Then in Sec. III, we investigate the hole spin relaxations in GaAs/AlAs and GaAs/InP QWs respectively. We summarize in Sec. IV.
II. EFFECTIVE HAMILTONIAN AND KSBES
We start our investigation from the p-type (111) GaAs/AlAs and GaAs/InP QWs. The HH and LH can be described by the 4 × 4 Hamiltonian
since the contribution from the conduction and splitoff bands is marginal in the present calculation. Here, is the Dresselhaus SOC of the HH and LH bands 9 and H ǫ stands for the strain Hamiltonian based on the theory of Bir and Pikus. 42, 47 Their expressions are given in Appendix B. V (z) is the confinement applied along the growth direction within the infinite-depth well potential approximation and I 4 is a 4×4 unit matrix. H E = −eE z z represents the electric field term, which is the source of the Rashba SOC. 
where n z stands for the subband index along the growth direction, a is the well width and m h,l z = m0 γ1∓2γ3 represents the effective masses of the HH and LH along the z-axis. γ 1,3 and m 0 stand for the Kohn-Luttinger parameters and the free electron mass, respectively. The contributions of the strain E 1 S and E 2 S are given in Eqs. (B4) and (B5) in Appendix B. It is noted that E 2 S is just an energy shift for all the HH and LH subbands and can be neglected in the present calculation. For GaAs/AlAs QWs, the contribution of the strain is neglected due to the extremely small lattice mismatch and hence the lowest hole subband is HH like. However, for GaAs/InP QWs, due to the existence of strain, the lowest hole subband is LH like. In our calculation, we focus on the case with only the lowest hole subband being relevant while other subbands have much higher energies.
We first construct the effective Hamiltonian of the lowest hole subband in (111) GaAs QWs by the subband Löwdin partitioning method 41, 42 upto the third order of the in-plane momentum. The effective Hamiltonian of the lowest hole subband in (111) GaAs/AlAs QWs can be written as
Here, ε Similarly, the effective Hamiltonian of the lowest hole subband in (111) GaAs/InP QWs reads
in which ε (4) and (5).
We then construct the microscopic KSBEs 5,12 to study the hole spin relaxations in GaAs/AlAs and GaAs/InP QWs, respectively. The KSBEs read
where ρ k,σσ ′ represent the density matrix elements of holes with the diagonal ones ρ k,σσ ≡ f kσ (σ = ±1/2) describing the distribution functions and the off-diagonal ones ρ k,1/2 −1/2 = ρ * k,−1/2 1/2 ≡ ρ k denoting the spin coherence.ρ k,σσ ′ | coh are the coherent terms describing the coherent spin precession due to the effective magnetic field from both the Dresselhaus and Rashba terms while the Hartree-Fock Coulomb interaction is neglected due to the small spin polarization.
5 Their expressions are given by
Here, Ω i (i = x, y, z) are the three components of the effective magnetic field from both the Dresselhaus and Rashba terms.ρ k,σσ ′ | scat are the scattering terms including the spin conserving ones, i.e., the hole-hole (V
2 ) scatterings with λ = LO/TO denoting longitudinal-optical/transverseoptical phonon and the spin-flip ones due to the EY mechanism.
44 Their detailed expressions can be found in Ref. 48 (Note the scatterings in Ref. 48 are given in bulk and one needs to transform them to twodimensional cases). The scattering matrix elements
with Z i being the charge number of the impurity (assumed to be 1 in our calculation). 
where
q z . v st represents the velocity of the transverse sound wave and e 14 is the piezoelectric constant. 23 The spin mixingΛ k,k ′ for the lowest HH and LH subbands in the spin-flip scattering terms are detailed in Appendix C.
III. NUMERICAL RESULTS
We present our results obtained by numerically solving the KSBEs. All the parameters used in our calculation are listed in Table I . The initial spin polarization is along the QW growth direction except otherwise specified. We set the initial spin polarization as 2.5 %. Note that the SRT is insensitive to the small spin polarization. 16 It is noted that the system is always in the strong scattering limit in the present investigation. A. HH spin relaxation in GaAs/AlAs QWs Before a full investigation by numerically solving the KSBEs, we start from an analytical analysis of the DP spin relaxation of the lowest hole subband, which is HH like, in (111) GaAs/AlAs QWs. In the strong scattering limit, the evolution of spin polarization along the z-axis can be approximated by (13) with τ * p standing for the effective momentum scattering time contributed by the hole-hole, hole-impurity and hole-phonon scatterings. 16, 43 The evolutions of the inplane components S x and S y can be obtained by index permutation. It is noted that unlike (001) (1) and (2). This makes the evolutions more complex compared with (001) QWs, i.e.,
The exact solutions are given in Appendix D. Specially by setting the initial spin polarization along the z-axis as S z (0), we obtain S z = S z (0)e −t/τs z approximately by considering that Ω 
with Ω 2 y being the inhomogeneous broadening. This inhomogeneous broadening is unique in (111) QWs and has not been reported in the literature.
We then numerically calculate the spin relaxation of the lowest hole subband, which is HH like, in (111) GaAs/AlAs QWs where the well width is chosen to be 8 nm. We first investigate the SRT due to the DP mechanism and plot the gate-voltage dependence of the SRT along the z-axis at T = 30 K with the hole density N h = 3 × 10 11 cm −2 by red solid curve in Fig. 2 . It is seen that the SRT can be effectively modulated by the gate voltage and a peak appears at E z ≈ 22 kV/cm. Under this gate voltage, the SRT is as long as 283 ns which is about four orders of magnitude larger than the one without any bias. This peak results from the suppression of the inhomogeneous broadening Ω Since the suppression of the DP spin relaxation is determined by the cancellation of the y-component of the effective magnetic field Ω y [Eq. (3)], it is robust against the hole density, temperature and impurity density. In Fig. 3(a) -(c), we plot the hole density, temperature and impurity density dependences of the SRT under zero bias and the cancellation gate voltage E z = 22 kV/cm as red curves with × and green ones with , respectively. It is shown that the SRT at the cancellation gate voltage is always four orders of magnitude larger than the one under zero bias. In addition, we also observe peaks in the hole density and temperature dependences with the peak locations fixed under different gate voltages. The peak in the density dependence of the SRT has been theoretically predicted by Jiang and Wu 48 and experimentally confirmed [52] [53] [54] [55] recently, which is attributed to the crossover from the nondegenerate to degenerate limit. The peak in the temperature dependence of the SRT was predicted by Zhou et al. 23 and experimentally realized by Leyland et al., 56 Ruan et al., 57 and Han et al., 54 which is solely caused by the Coulomb scattering. 23 The location of the peak is insensitive to the gate voltage just the same as the case for electrons in (111) QWs.
38
It is further noted that the EY mechanism is usually the major mechanism in hole spin relaxation in bulk GaAs. 45 In order to rule out the influence of the EY mechanism to the predicted phenomena, we plot in Fig. 2 the gate-voltage dependence of the SRT due to both the DP and EY mechanisms as the blue dashed curve. It is seen that the EY mechanism can be important only around the cancellation gate voltage where the DP spin relaxation is greatly suppressed. Away from the cancellation gate voltage, the contribution of the EY mechanism is negligible since the spin mixing between the HH and LH is extremely small due to the large energy splitting between the HH and LH subbands in QWs with small well width. Moreover, since the EY mechanism is important at the cancellation gate voltage, we also plot in Fig. 3(a)(c) the hole density, temperature and impurity density dependences of the SRT due to both the EY and DP mechanisms under this gate voltage (blue curves with •). We find that the peaks in the hole density and temperature dependences disappear since the SRT caused by the EY mechanism decreases with the hole density and temperature. 3, 5, 45 Moreover, the SRT due to the EY mechanism also decreases with the impurity density.
3,5,45
However, away from the cancellation field, the spin relaxation is determined by the DP mechanism only and the peaks still exist in the corresponding temperature and density dependences.
Finally, we address the anisotropy of the spin relaxation with respect to the spin polarization direction. The SRT along the z-axis τ sz is given in Eq. (17) . Similarly, one obtains the SRTs along the x-and y-axes as
by setting the initial spin polarizations along the x-and y-axes correspondingly. By comparing Eq. (17) with Eqs. (18) and (19) , one finds a strong anisotropy between the out-of-and in-plane spin relaxation, since Ω z is about one order of magnitude larger than the in-plane components Ω x and Ω y in (111) QWs with small well width. In addition, a marginal anisotropy also arises between the in-plane spin relaxations from Eqs. (18) and (19) . The numerical result of the SRT along the x (y)-axis τ sx (τ sy ) is shown in Fig. 3(d) by red curve with × (blue one with ). One finds from the figure that both τ sx and τ sy are about two orders of magnitude smaller than τ sz .
B. LH spin relaxation in GaAs/InP QWs
We also investigate the spin relaxation of the lowest hole subband, which is LH like, in (111) GaAs/InP QWs with the well width a = 20 nm. The gate-voltage dependence of the SRT along the z-axis due to the DP mechanism under different temperatures is shown in Fig. 4 and a peak is also observed. We find that the peak becomes less pronounced than that in GaAs/AlAs QWs since the cancellation only occurs on a special momentum circle in GaAs/InP QWs. 38 In addition, when the temperature increases, the peak location changes, similar to the case for electrons in (111) GaAs QWs. 38 It is noted that the contribution of the EY mechanism is in the order of 10 ns and is therefore always negligible in this case. 
IV. SUMMARY
In summary, we have investigated the hole spin relaxations in p-type (111) GaAs/AlAs and GaAs/InP QWs with only the lowest hole subband being relevant. The lowest hole subband is HH like in the former case while LH like in the latter one. In both systems, we utilize the subband Löwdin perturbation method to obtain the effective Hamiltonian including the Dresselhaus and Rashba SOCs. Under a proper gate voltage, the total in-plane effective magnetic field in (111) GaAs/AlAs QWs can be strongly suppressed in the whole momentum space, while the one in (111) GaAs/InP QWs can only be suppressed to zero on a special momentum circle. Therefore, tuning the gate voltage is an efficient way to modulate the hole spin relaxation in (111) QWs.
We calculate the hole spin relaxation due to the DP and EY mechanisms by numerically solving the KSBEs with all the relevant scatterings explicitly included. For (111) GaAs/AlAs QWs, the contribution of the EY mechanism is negligible unless the DP mechanism is strongly suppressed. In addition, we predict a pronounced peak in the gate voltage-dependence of the HH SRT where an extremely long SRT (upto hundreds of nanoseconds) can be reached. This peak comes from the suppression of the unique inhomogeneous broadening in (111) GaAs/AlAs QWs, specifically, the cancellation of the y-component of the effective magnetic field. The suppression of the spin relaxation is robust against the hole density, temperature and impurity density. A strong anisotropy between the out-of-and in-plane spin relaxations is also addressed. In (111) GaAs/InP QWs, a peak is also predicted in the gate-voltage dependence of the LH SRT. However, the peak becomes less pronounced compared with the case in (111) GaAs/AlAs QWs since the cancellation only occurs on a special momentum circle in GaAs/InP QWs. The contribution of the EY mechanism is always negligible in this case. This investigation suggests that the HH in (111) GaAs/AlAs QWs offers unique properties for the spintronic devices and calls for experimental investigations. (1) and (2) are given by
The in-plane effective mass m l t in Eq. (9), the Dresselhaus strengths β l1,l2 x , β l z and the Rashba strengths α l x,z of the lowest hole subband, which is LH like, in Eqs. (4) and (5) 
In above equations, γ i are Kohn-Luttinger parameters; b 41,42,51,52 stand for the coefficients of the Dresselhaus SOC of the valence band; ∆ hh n1n2 (∆ ll n1n2 ) is the energy difference between n 1 -th and n 2 -th subbands of HH (LH); ∆ hl n1n2 is the energy difference between n 1 -th HH and n 2 -th LH subbands.
, and
. C 1 = (b 41 + 
where k
J z . J i (i = x, y, z) represent the spin-3/2 angular momentum matrices and cp denotes the cyclic permutation of the preceding terms.
The Bir-Pikus strain Hamiltonian H ǫ reads 42,47 
